
t

:, .ss3 z92 ss J

PERFORMANCEAND LOAD DATA FROM MOD-OA AND
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•.T ABSTRACT
"i

Experimentaldata, togetherwith supportinganalysis,are presented
"i on the power conversionperformanceand blade loadingof large,

i •' horizontal-axiswind turbinestested a_ electricutilitysites in
i_.. the U•S. Four turbine rotor configurations,from 28 to 61 meters in
i - di.ameter,and data from five test sites are included. Performance
_. data are presentedin the form of graphs of power and systemeffi-
;" ciency versus free-streamwind speed. Deviationsfrom theoretical

performanceare analyzedstatistically• Power conversionefficiency
averaged0.34 for all tests combined,comparedwith 0.31 predicted.

;_ Round blade tips appearedto improveperformancesignificantly.
" Cyclicblade loads were normalizedto develop load factorswhich can

L be used in the design of rotorswith rigid hubs.

INTRODUCTION

• This paper presentsexperimentaldata and supportinganalysisof the
power conversionperformanceand blade loadingof large,horizontal-

._ axis wind turbinestested at electricutilitysites in the U.S.
These tests were conductedby the NationalAeronauticsand Space

i Administration(NASA) as part of the federalwind energy program
! administeredby the Departmentof Energy (DOE). The principal
i objectivesof this work are (1) to provideperformanceand load test
i" data for wind turbinedesign, (2) to evaluatethe PROP-L2computer

i-" programfor predictingthe efficiencyof propeller-typewind
.... turbines,and (3) to examinea proposedenergymethod for testing
:o wind turbinesystem performance.

Data from tests of four turbinerotor configurationsare analyzedin

, this paper. Thu airfoilshapes and dimensionsof each configuration
i _ are listedin Table I, and their planformsare illustratedin Figure i
i _ l The rotors studiedhad two bladeseach and rangedin diameter ,

from 28 to 61 meters. Thickness-to-chordratios at 75 percentof
span varied from 0.156 to 0.240. Two NACA airfoilsand four skin

_ _ materialswere tested• One configurationhad semi-circularblade
_ ! tips. Blades in the other three configurationshad square tips

i_ As shown in Table II, test data have been groupedaccordingto the
configurationof the rotor and the turbineshaft speed into six test

" series. Each of these series is a combinationof severaldata
records,one to six hours long,which were selectedto representa

• varietyof operatingconditions.
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i " Data on test installations are also given in Table II Rotor• 0 •

: configurations 1, 2, and 3 were tested on Mod-OAmachines, while
..... configuration4 was testedon the largerMod-1 system (ref. I)
• . These experimentalwind turbinesare of the "firstgeneration"type

: ... (ref. 2), with the followlngdesign characteristicsIn common: Two
blades,fully pitchablefor power control;rotor hub rigidly

'_i attachedto the turbineshaft;turbinerotor locateddownwindof a
.- stiff truss tower; parallel-axlsgearboxwith a singlespeed ratio;
_ synchronousAC generator;and activeyaw control.

Preliminaryperformanceand load data measuredon the Mod-OA and
_,. Mod-I systemswere presentedin References3 to 8. The data

,_. containedin this paper significantlyextendthose reportedearlier,
by includingadditionalrotor configurationsand wind turbinetest

p:_ installations,moderatelylong operatingperiodsand additional
_7_ statisticalanalysis. Therefore,the performanceand load data
,-_. presentedhere can be regardedas typicalof the first generationof
-"_ large,horizontal-axiswind turbines.

_,'_ PROCEDURE

"" Test Installationand Data

_ _ Detailsof the DOE/NASAwind turbinetest installations,instru-
' .:_::"' mentation,and data acquisitionsystem have been presentedpre-
_ viously(ref. 9 and lO, for example),so only a brief discussion
_°_ will be given here. Figure2 illustratesthe test installationat
_, Clayton,New Mexico,which is typicalof all the installations
-_S_ listedin Table II. At each test site, an auxiliaryanemometer
"_" tower is locatedseveralrotor diametersfrom the turbinetower, in
_o_, the directionof the prevailingwind. Signalsfrom a varietyof
_ transducerslocatedthroughoutthe test system are recordedon
_:'" analogtape, digitized,and then processedto producestatistical
_. informationand graphicaldisplays. Data are recordedautomatically
..... during normaloperationof the wind turbinegeneratoras a
!!:A powerplanton the electricutilitysystem.

"_;:? The four parametersof specificinterestin this study of turbine' h,/ "

_ " performanceand loads are as follows:v'

._ I. Free-streamwind speed at hub elevation,Vo, measured by an
. anemometeron the auxiliarytower at the elevationof the
_ turbineaxis (StationO, fig. 2). Averagingtime was selected

as 30 secondsand the anemometerlengthconstantwas 1.5
°/ meters• Wind data were purposelylimitedto measurementsfrom a

single anemometer,becauseone free-streamanemometeris often

.;_ all that is available.

2. Output electricalpower, P3, measuredat the generator
.. terminals(Station3, fig. 2).
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:_ .,, 3. Two componentsof cyclic bending load on the blade root, 6Mv
_,:LI and 6Mz, Cyclic load is a typicalmeasure of fatigue1oadlhg
_-.:- and is calculatedfor each turbinerevolutionas follows:

_- Flatwise (out-of-plane):6My,i = 0.5(My,max-My,min)i (la)

" and

:i'_ Chordwise(in-plane): 6Mz,i = 0.5(Mz,max-Mz,min)i (Ib)
qo/'

_'c,I. in which i is the rotor revolutionnumberand max and min
designatethe extremevaluesof the load measuredduring that

::i.' revolution.
.,!,i!_' ,

:_. TheoreticalOutput Power

./4 Theoreticalturbinepower, as a functionof free-streamwind speed,
=;,.o....... was calculatedby means of a modified versionof the commonly-used
__- PROP FORTRANcomputerprogram (ref. ll), designatedas PROP-L2.
__ Recenttests on wind turbine rotorsin the stalledcondition(ref.
.:,_o_ 12) indicatedthe need for improvedaerodynamicmodeling in the
- basic'PROP program. In the PROP-L2version,aerodynamiclossesat
-'i___ squaretips are includedwithin the blade-elementalgorithmsby

=.,.L_ introducingthe followingtwo modifications:

....: I. Correctingreferencelift and drag curvesfor planformaspect

_/-:. ratio (refs. 12 and 13).

, .-. 2. Using "smooth"airfoilproperties,insteadof "rough"or
:_::_' "half-rough,"as in previousstudies(ref. 8, for example).

="_:._ A comparabletheory for the aerodynamiclossesat roundedblade tips
_:!i has not yet been developed. Therefore,test data for configuration
.:;_ 3R, with semi-circulartips, are comparedwith theoreticalcalcu-
__,. lationsfor square-tippedblades,to identifydifferenceswhich may
o _.,T.

....: be attributableto tip shape.

_. In additionto the PROP-L2computerprogramfor turbi.nepower, a
° model for losses in the power train is requiredbeforegenerator
__ outputcan be predicted. A generalpower-trainloss model which was

...._::! developedfor this study is as follows:

,, P23 = P3"P2 = "aP3,r "(b+s)P2 (2)

_ in which

o..,, P23 power-trainloss, kW

'_'. : P2 P3 turbineand generatoroutput power, respectively,kW

_,_,_: P3,r rated output power, kW

. a,b empiricalconstants
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For the Mod-OApower tratns, a ts O.OBS, b is 0.040, and s is
" 0.025. For the Mod-1 system,a is 0.027, b is 0.o_g, and s I_ zero. .

: EnergyMethod for Evaluatln9Performance

:_. The performanceof the wind-turbine-generatorsystem can be
evaluatedby measuringeither its power conversionefficiencyor its

::'_ energy conversionefficiency. Previousstudieshave used power as
_ the primaryperformanceparameter,with energy (and particularly
; annualoutput energy)as a derivedparameter. Data have generally

_, been statisticallyanalyzedby the "methodof bins" (refs.8 and
.... 14) An alternativemethod.hasbeen developedfor this study, in
.- which energy Is the primarypar_eter, power is a derivedparameter,
: and the requiredamount of statisticalanalysisis greatlyreduced

:,i_i_ or e11minated.

-,_ The energymethod for evaluatingthe performanceof.wind turbine
= systemsappearsto offer advantagesof simplicityand repeatibility,

comparedwith the method of bins, Also, evaluationof theoretical
: methods for predictingperformancemay be more relevantto operation
_" when comparisonsare made on the Basis of energy capturerather than
•, instantaneouspower. A committeeof the AmericanSocietyof

MechanicalEngineersis now evaluatingthe energymethod as a basis
°.: for a performancetest code for wind turbinegenerators.

To apply the energymethod,the followingsteps are performed:

I. Divide the test period into time increments,At. Each time
, incrementshould be 5 to 10 times as long as the longestwind

transittime from the free-streamanemometerto the turbine
(fig.2). Time incrementsof this lengthreducetime

• correlationerrors but still permitcomparisonof test data with
..o. steady-statetheoreticalpower curves. In this study time
- incrementswere lO minutes long.
• ,j

- 2. Duringeach time incrementmeasurethe time historyof the
•: free-streamwind speed at the turbinemldline elevation,
!!_ Vo(t). Calculatethe mean wind speed,Vo, the incrementin
' wind energy flux, Aeo, and the mean wind power flux, Po, for
" each time increment,as follows:

Vo = _tA_+Vo(t)dt , m/s (3a)m _ _

_.. Aeo = Vo(t)]3dt , W-s/m2 (3b)

: and

" Po = Aeo/At , W/m2 (3c)
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' 3• For each ttme increment measure the corresponding increment in
electrical output energy, AE3o Calculate Increments in
output energy flux, Ae3, mean output power, P3, and the

,- mean outputpower flux, P3, as follows:

Ae3 = AE3/A , W-s/m2 (4a)

'_ P3 = AE3/At., W (4b)

_. and

: P3 = P3/A , W/m2 (4c)

....:? in which A is the area of the surfaceswept by the turbine
- rotor, as projectedon a verticalplane

:_ 4. For each time increment,calculatethe systemenergy conversion
--_.... efficiency,as follows:

=.);. n3 = Ae3/Aeo = P3/Po (5)

_. 5. Evaluatesystem performanceby means of data from steps 2 to
- . 4. Evaluationmay be based on any or all of the following:

(a) Power curves,such as P3 and P3 versusVo, (b)
,". efficiencycurves,such as n3 versusVo, and (c)

.:i_:. statisticalanalysisof deviationsfrom availabletheory.

- RESULTSAND DISCUSSION

-L.:: Power ConversionPerformance
.,:,

Performancetest resultsfor each of the four rotor configurations
"_ describedin Table I are presentedin the followingthree formats:

:._ First, Figures3 to 6 show graphicallythe variationof outputpower
":_," and system efficiencywith wind speed for each configuration.
',' Secondly,summariesof test conditions,measuredmean power and
.: efficiency,and theoreticalmean power and efficiencyare listed in
:: Table Ill. Finally,Table IV containsthe resultsof a statistical
,_, analysisof deviationsbetweenthe test data and theoretical
_; performance

The test series duringwhich performancedata were taken are those
....- listed in Table II as series l.l, 2.1, 3.1R, and 4.1. Only blade

_o_. load data from test series 1.2 and 2.2 are includedin this study•
:_ Performancetest runs were selectedto emphasizewind conditions

below ratsd, for which efficiencydata are most significant.
.-_. However,no attemptwas made to select periodsof steadywind.

Instead,the variabilityof the wind power source was includedso
" that these data would be typicalof automatic,unattendedwind
' turbineoperationsin below-ratedwinds• In all cases, the
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".__..!_ experlmentalwind turbinewas the only wind power unit on the test
....7, site.

..,..., Figures3 to 6 presentcomparisonsbetweentheoreticaland

.,4,:., experimentalperformance. The theoreticalpower curves are for
...._ "site standard"conditions,in which air densityis equal to the

6.,_"i U.S.'StandardAtmospheredensityfor the site altitude. Test data
;."_ were also adjustedto site standardconditions,with the exception

-:i::;.:'="_i of test series 2.1. Atmosphericpressuredata were not available
ii_.)':_ for this test series. Each data point representsaverageper- ,
_"*"_'_ formanceduring a lO-minuteperiod of operationunder automatic
i-';{:_""; controI.
_..__,_._,.'_.:
_:_._._._ While some qualitativecomparisonsbetweentheory and experimentcan
_:_" be made from these figures,the amount of scatteris such that
'_'._:_." statisticalanalysisis required. This scatteris typicalof tests

:_:,,._,._. on large wind turbinesand indicatesthat wind conditionsover the
"_"_', turbineswept area and those sampledby the free-streamanemometer
_o:_;.. were not completelycorrelated. As expected,scatterof the effi-
-__._.L" ciency data is greaterthan that of the power data, becausewind

_/i- speedcorrelationerrors are amplifiedwhen the speed is cubed to...._°o-, calculate wind power flux.

\.:!_i";. Anothercommonlyobservedphenomenonis shown clearly in Figure4(a)
F:'_!_::.. by the data at the transitionfrom below-ratedto above-ratedwind
i._,.:_, speeds. Data in this regionusuallyfall below the theoretical
_:_:.• "corner",becauseaveragepower is always loweredwheneverthe power

_"_,;: controlsystem is active. Nevertheless,inspectionof Figures3 to

°_°°"._._,,, 6 indicatethat (I) zero-poweror cut-in wind speedswere predicted
:,."_ within 0.5 meter per second, (2) slopesof the theoreticalpowerL ':,_",.',
i.:;._.',..._,- curves were in generalagreementwith the test data, (3) test data
_o._. points for configuration3R (the 14 meter wood/compositebladeswith
i_:_.....i semi-circulartips) almost alwaysexceededtheoreticalperformance,
_.i,T and (4) test data verifiedthe predictedhighestefficiencyof rotor
_.,_.._ configuration4.

_i_:::: Table llI summarizesthe resultsof these four seri_sof performance

i",,i;_',. tests in quantitativeterms. For example,test seriesI.I was
....... composedof data recordstotalingII hours in length,with a mean
_._ : wind speed of 7.7 meters per second,equivalentto a mean tip speed
i__o ratio of 10.5. Duringthis period,the mean wind power flux at the
.P'_(4..,"

i:",: turbinehub elevationwas 270 Watts per squaremeter. Mean
!_,_.,, electricaloutput power flux was measuredat go Watts per square

, meter. This indicatesan averagesystemefficiencyof 0.33, theh!:,:.
_-. same as the theoreticalvalue. Similarly,during test series2.1,
i ;.,.. the mean power conversionefficiencywas equal to the theoretical
.'--_,_' efficiency.

:: The semi-circulartips on the blades in configuration3R appearto
.."'T have increasedthe performanceof these airfoilssignificantly,

! _ comparedto predictionsfor the same blades with squaretips. Basedi "

_._°' on the resultsof test series I.I and 2.1, the mean efficiencyof
i-."_ rotor configuration3 with squaretips would not be expectedto
[ , •
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exceed0.26. However,with semi-circulartips this rotor con-
figurationoperatedwith a mean efficiencyof 0.32. This indicates
an improvementof more than 20 percentin energy productionduring
operationbelow rated power. To verifythis improvement,tests of
configuration3 blades with square tips are planned. This amount of
improvement,however,may be limitedto low aspectratio blades.
Furthertests are requiredto evaluatethe effectsof tip shapf on
the performanceof blades with higher aspect ratios.

If the resultsof all four series of performancetests are combined
by weightedaveraginginto one data set as shown in the last line of

•: Table Ill, this set would representa sample of currentexperience
with large,first-generation,propeller-typerotors. Includingthe
effectsof differenttips and site roughnesses,an overall
efficiencyof 0.34 has been achievedin predominantlybelow-rated

: winds. This comparesvery well with a theoreticalpower conversion
efficiencyof 0.31 for the same wind conditions.

Statisticalanalysisof deviationsbetweenthe performancetest
resultsand predictionsmade using the PROP-L2computerprogramare
summarizedin Table IV. The mean deviationof the samplesfrom the
comm6n base of the theory shows a performanceadvantageof more than
9 percentof rated power for configuration3R over the composite
performanceof the three other configurations. This differencein
performancehas been attributedto the differencein tip shape

_ althoughthis has yet to be verified. Standarddeviationsfor the
four test series are remarkablyconsistentat 5 to 6 percentof
rated power. This indicatesthat the scatterobservedin Figures3
to 6 is repeatableand acceptablefor purposesof performance
evaluation.

By analyzingdeviationsbetweentest and theory,the theoretical
power curve can be adjustedto serve as a lower bound on predicted
performance. The size of the adjustmentdependson the desired
confidencein the predictedlower bound. Standardstatistical
analysismethodscan be used to calculatethe adjustment,as
discussedin Reference8. As shown in the last column of Table IV,
if the predictedmean power flux of a rotor with squaretips is
reducedby 3 Watts per squaremeter, there is a 0.999 confidence
level that the mean power during long-termtests will not be less

: than this reducedvalue. For blades like those of configuration3R,
"_ with semi-circulartips, an increasein the theoreticalpower flux

of 26 Watts per squaremeter is consistentwith a 0.999 lower bound
on mean performance. However,additionaltests are requiredto

° supportthis latterconclusion.

" To summarizethe resultsof the performancetesting in this study,
the wind turbinegeneratorsconvertedabout one-thirdof the

: incidentwind energy to electricity,the PROP-L2computerprogram
: was verifiedas a performancepredictionmethod,and lower boundson

performancewere estimated.
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Blade Bending Lo#d Data

:. Dynamic loads sustained by rotor blades on large, horizontal-axis
, wind turbines were measured during all six test series listed in
, Table II. The load data obtainedare typicalof first-generation ,

- : wind turbines, which are characterized by rtgtd hubs, rotors located
._ downwindof truss towers,and full-spanpitch controls. Load test

_ resultsare shown in Figures7(a) to 7(d) in the form of cumulative
probabilitydistrlbuti_nsusefulfor fatigue llfe analysis. Cyclic
flatwiseand cyclic chordwiseloadcomponentsare given for each
test series. Componentdirectionsare referredto the chord line of
the airfoilsectionat 75 percentof span. This chord llne is

:,_ nominallyin the plane of rotationduring operationin winds of
'_ below-ratedspeed. All loads were measured in the root areas of the
- rotor blades,at radialdistancesbetween5 and lO percentof the
'i blade span.

_'" As shown by the straightlines fitted to the test data, cyclic loads
_ were found to have log-normalprobabilitydistributionswithin each
_-.., test series. The slopesof the curve-fitlines are proportionalto
> the log-standarddeviationsof the data. Steeperslopesmay be
-:" attributedto largervariationsin wind speed,wind shear,and
":,i turbulenceduring the test series.

'" Table V summarizesthe significantresultsof this experimental
TI study of blade bending loads. In additionto informationon test
_L> series durationand mean wind speed,cyclic flatwiseand cyclic

=_._ chordwisebendingloads are listedfor two percentilesof interest:

;;c, 50 and 99.9. The 50th percentileload is usefulfor calibrating
_, theoreticalload predictionmethodswhich may not includeturbulent
- winds and operatingtransients(ref. 15). However,the value of the
_ 50th percentileload for purposesof fatigue life analysisis small

"'" becausefatiguedamage cannot be toleratedat this percentileload
in a long-lifedesign. Of more use in life p_edictionis the 99.9th

_,.. percentileload. A designfatigue life of lOOcycles or more is_
=_: often requiredat this load level. Operatingload limitsfor

,,: severalof the rotor configurationstested in this study were set at
_:" predicted9g.9thpercentilelevels.

_.;) The cyclic load data in Table V have been normalizedto remove
- ,, differencesin scale, in order to derive general loadfactorsuseful
% for design. A convenientreferencefor the flatwiseload components
:_: was found to be the differencebetweenthe theoreticalsteady
....." aerodynamicflatwisebending load at rated wind speed and that at
, i' the zero-power(cut-in)wind speed. The referencefor chordwise
_.. loads was the gravitybendingmoment measuredwith the blade

horizontal. All referenceloads were determinedfor the radial
i>;i' stationsat which the cyclic load: were measured. Load factorswere
" calculatedby dividingtest loads by the referenceloads for the

_:i_ test series.
L,t
o

_, Variationsin flatwisecyclic load factorsamong the six test series
,: were relativelysmall, consideringthe wide variationin rotor

. $-,,
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"_ configurations, This tends to varify the assumptionthat the
selectedreferenceloadcQntalnsthe key parametersgoverningcyclic

: flatwiBeblade loading, Flatwiseleadfactorswore smallestfor
•, test series 1.2 which had the lowestmean wind sp_ed and was

,,,:, conductedat a locationwith low terrainroughness(Table II), Low
terrain roughnessu_uallyproduceslow averagewind turbulence.

,.,_. Largerflatwlso load factorsgenerallycorrelatedwlth higlmr wind
speeds and locationswith rougherterrain, AvQragln9the flatwise

':: loadtest resultsfor the six seriesglves factorsof 0,_4 and 0.73
_,. for the BOth and 99.gth percentilecyclic loads,respectively,

, Chordwisecyclic load factorsaveraged1.11 and 1.46for the 50th
and 99,gthpercentileloads,respectively. While it is convenient
for designpurposesto referencechordwiseloads to the dominant

:_i gravityload, the componentsof these load factorsin excess of 1.00
have been found to correlatewith flatwlsecyclic bending,rather
than with blade mass properties(ref. 15). Again, variationsin

-_ chordwiseload factorswere small for each percentile,althoughthe
. actualchordwisecyclic loads varied by more than an order of

o:: magnitude.

_.i In summary,blade cyclic load spectrafor both flatwiseand
' chordwisebendingcan be estimatedfor first-generation,

i horizontal-axiswind turbineblades by applyingthe loadfactors and
,Y

_,,, referenceloads given in Table V.

: CONCLUSIONS

-_'!: This study has provideda set of test data on the power conversion

,_! performanceand dynamicblade loadingtypicalof first-generation,
_:::!: horizontal-axiswind turbinegenerators. The followingconclusions
_:,_.: are drawn from analysisof these test data:

:'_ 1. The mean power conversionperformanceof four test rotor

_::._, configurationsequaledor exceededsystemefflcienciesas
_.' predictedby means of the PROP-L2computerprogram.

_ _:!i 2. During64 hours of automaticoperationin primarilybelow-
-_"_I rated winds, the compositesystemefficiencyof the four rotor
-':_,-.i configurationswas 0.34, which comparesfavorablywith a

_i;i theoreticalefficiencyof 0.31 for the measuredwind
,,_.._ conditions.

! 3. The proposedenergymethod for analyzingperformancetest data
,,,.! provideda practicalsolutionto problemspresentedby wind

_"I turbulenceand time-varyingtest data. Resultswere found to
be repeatablefor a varietyof test rotorsand test

_ Installatlons.

,_,_ 4. Blade cyclic load spectraexhibitedlog-normaldistributions
,,i:. in all cases studied.

• ._
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5. Load factorsand referenceloads have been derivedwith which
blade fatigue loads can be estimatedfor design purposes.

UNIT CONVERSIONFACTORS

I m _ 3.28 ft I rad/s _ 9.BS rpm
I m2 _ 10.76ft2 I kN-m _ 738 lb-ft
I m/s _ 2.24 mph I kg/m3 _ 0.00197slug/ft3
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ORIBINALPAQEIII
OF POORQUALITY

r,

TABLE!

AIRFOIL GEOMETRYOF gIND T'IRBINEROYORCONFIGURATIONS
" i i

Spanwtse Chord Thickness Tw|st Sktn
coordinate to (towards matertal

; chord feather)
: m percent m ratto deg

: (a) Configuration 1 (NACA2.3000sertes atrfotl coned 7 deg)

_ 1.22 6 1.37 0.440 31.7 Alumtnum
2.86 15 1.37 0.372 21.7 Alumtnum
4.76 25 1.37 0.291 14.0 A1umtnum
5.72 30 1.31 0.260 11.3 Alumtnum

_ 9.53 50 1.06 0.212 4.0 Alumfnum
o 14.29 75 0.76 0.1_ 0 Alumtnum
": 19.05 100 0.46 0.120 -2.0 Alumtnum

(b) Conftguratfon 2 (NACA23000 sertes a_rfotl coned7 deg)

4.27 2_ 1.58 O.298 4.2 good
14.29 75 0.94 O.156 0 good
19.05 I00 O.64 O.088 -2.0 Wood

(c) Configuration 3R (NACA23000 serfes atrfoJl coned7 deg)

4.27 30 1.52 O.310 0 good
" :' 8.18 58 1.52 O.240 0 Wood

10.57 75 1.36 0.240 0 good
•_: 12.47 89 1.24 0.240 0 Ft berglass
" 13.51 96 1.17 0.217 0 F_berglass
: 14.10 100 0 0 0 FJber91ass

'.. Semi-circular tips, beveled both s_des, from 13.51 m to 14.10 m

... (d) Configuration 4 (NACA4400 sertes atrfotl coned9 de9)

3.07 10 3.66 0.333 8 Steel
L' 23.05 75 1.64 O.165 0 Steel

30.73 1O0 O.86 O.1O0 -3 Stee1

'_
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, TAiiLEII

WINDTURBINEROTORTESTSERIESANDINSTALLATIONS

:_ Rotor Test Turbine rotor data Test Installation dataI

_,_- conftg, series ......
. no, Shaft Blade Swept Wind Rated _ocatton Hub Relattve

,_. speed tip area energy power el.ev, terrain
speed system rou9hness

ii , rad/s m_@ m2 kW m .,

,!i 1 1.1 4.3 81 1123 Mod-OA 200 Clayton, NH 1566 medium
1.2 3.3 63 1123 Mod-OA 150 Culebra, PR 110 low

i J

o

2 2.1 4.3 81 1123 Hod-OR 200 Kahuku,HI 137 low

2.2 3.3 63 1123 Mod-OA 150 Block Is.. RI 44 hlgh
'. '_ | w

".. 3R 3.1R 4.3 60 615 Mod-OA 200 Clayton, NM 1566 medium

4 4.1 3.7 111 2894 Mod-1 2000 Boone, NC 1387 high
, i

-uo

,, TABLEIll

_" " SUMMARYOF POWERCONVERSIONPERFORMANCEOF
±° ,.' FOURDOE/NASAHORIZONTAL-AXISWINDTURBINES

--,_ Test Test Free-stream wind Meanoutput Meanpower
:i';. series period input measured power flux conversion
.,,: no. at hub elevation at generator efficiency

:. Mean Mean Mean Theory Test Theory Test
L,. wind tip input [a] [a]

_'_": speed speed power
:_'. ratio flux

%.'- hr m/s g/m2 W/m2 W/m2

_'" 1,1 11 7.7 10.5 270 89 go 0.33 0.33

," 2.1 20 8.2 9.9 381 112 111 0.29 0.29

3.1R[b] 22 9.2 6.5 537 141 172 0.26 0.32

4.1 11 10.2 10.9 584 238 250 0.41 0.43

=" Data set 64 8.8 9.0 450 140 152 0.31 0.34

E:] PROP-L2 computer program, with s_uare-tip loss rood,1' Semt-ctrcu;ar tips on blades; al1 other blades have square tips

" i 459
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TABLE IV

" DEVIATION OF T_ST DUTPUTPOWERFLUX FROMTHEORY,
' FOR FOURDOE/NASAHORIZONTAL-AXISWIND TURBINES

: .... ,, . .

,. Test No. Moan Standard Lower bound on
series of dovtaUon dovtotton meandeviation

•., no, samples of samples of samples (0.999 conf.)

!' Wlm2 Z of W/mP. _ of W/m2 :_of
....._" rated rated rated

(a) Blades with square tips

,3% %,,"

1.I 68 I 0.6 11 6.2 -3 -1.7

':" " 2.1 119 -I -0.6 9 5.1 -3 -1.7

"°:':_' 4.1 65 12 1.7 39 5.6 -3 *0.4
•,, 4

Data set 252 3 0.3 7 5.5 -3 -1.2
o-' '%'

:°/;; (b) Blades with seml-circular tips (theory for square tips)

' "'":";:_" 3.1R 131 31 9.5 19 5.8 26 8.0

'" .,r,

_. i '; TABLE V
.. v ,_,
_') ' .

..;_....: S_M_Y OF BLADE CYCLIC LOAD TE*;TDATA
_' FROM SIX DOE/NASA HORIZONTAL-AXISWIND TURBINES

,J!i'."_
,,,,), ' ,*

."/_:i. Test Test Mean F1atwise cyclic Chordwise cyclic

_i.!_; _ series period speedwind bending loads [a] bending loads [a]
o_ Ref. Load factor, Ref. Load factor,
_/:,<: load by percentile load by percentile
_o; 103 [b] [e]
-,.. ' rotor

°"_!:: revs. m/s kN-m 50 99.9 kN-m 50 99.9

i =,.o. 1.1 102 9.3 134 0,22 0.85 61.6 1.10 1.48

i°o,,!,.,..,..' i 1.2 86 6.1 118 0.17 0.53 61.6 1.04 1.36
t , '.'.

2.1 126 8.8 152 0.24 0.74 68.0 1.12 1.51

°_ :" 2.2 77 6.6 134 0.31 0.75 56.5 1.15 1.5B

6' "" 3.1 126 7.1 108 0.22 0.67 70.5 1.13 1.39

- 4.1 40 8.8 1177 0.44 0.97 739. 1.08 1.50

...._,_' Data set 557 7.7 NA 0,24 0.73 NA 1.11 1.46

._..,, [a] 0.5 (max load - min load) per rotor revolution, measured at 5% to 10% of span
" "'" [b] Stead) aerodynamic bending moment change from zero power to rated (PROP-L2 program)

It] Gravity bendin 9 moment, blade horiluntal (measured)
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I m,olA.---- 1
I (a) Configuration]

" I _ 98m.DIA. :i

: (b) Configuration?

. I --'V-L:'8m.DIA.-----I
I

(c) Configuration3

" I _ 61m.DIA. I

"" (d) Configuration4 ';]
i

• i
" "(

' FigureI. -- Planformsof wind turbinebladestested for power'
conversion performance and structural loads.

._,":'.

' INPUT OUTPUT

": I MIDLINE I

'. STATION=0 1 2
FREE-STREAM

-. _ I ANEMOMETER _II

•; :! ,/' NACELLEII/IX,. ANEMOMETER._il i. 'i

"Q WINDw'/_l-_:_,--"r-'-""_" _ -I

I!: -SP

// _ \\ I ELECTRICAL_"_I

::' Y l _ 0UTPUT",,_J_ 1' " CABLE.-_

":: Figure2. -- Typicalp_rformancetest installation,showingthe Mod-OA
. 200 kW wind turbinegenerator,the anemometertower, and
"'_" measurementstationsat Clayton,New Mexico

,R,J.
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•:' 200

200 -

., _ _ 160 '

_'_IGo-
m_

=:. _ 120 i_

"...; 120 -

Rn 80 _ ,
F_ F

, ;_ _ 40 40
=_ ° I0MINAVER

No R THEORY
7'v 0 _ _ I I I A,--- 0
_,'- 4 6 8 i0 12 ' 18

c_ FREE-STREAMWINDSPEEDATHUBELEV.,Vo,MIs

"" (a) Output power (air density= 1.05 kg/m3)

-,u,/

.."" 0,5-

_:"' _ 0.4 - °_oo__

_,:" _ 0.3

:_/ IJ

" uJ 0,2

; ,'j 0,I /o

•:'I ER !
'_'?'1 ---"- THEORY 1
F:_.:_ 0 I I I I

8 Io 12

;_"ii!."i'£i' FREE-STREAMWINDSPEEDAT HUBELEV.,VO, MIs
r (b) System efficiency

(. ,

:.....; Figure 3. -- Test ser_es I.I power conversion performance, compared with
°°/, theoretical performance (Mod-OA aluminum blades at Clayton,
__ New Mexico).

_.'
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'- ,

, Oil' pl:lt-qt, _'!!AI,I,'_:-L i

='_i,' i _

" ': " 200

200 r""_, "t:

"-..F _m 160 _g o

•'i:' ' _ 120 e_l_ o •

_"_) 40 AVER - 40 N

"" ::i _ -- TItEORY
o...._ 0 I,,m I I _ 0
:'.':_:i 4 6 8 10 12 18

_.:._.,,_ FREE-STREAMWINDSPEEDATHUBELEV,, Vo, M/s
o,e, ,T

-,_:o_'°;:,.,:' (a)Outputpower(airdensity= 1.21 kg/m3)

i . .L

,....... . 0,5,'-
_ 7.,; '_
I"C_ . !_

ii;i; o
_<. "'.',' 0,4 oO_g

L,_-. "
i:.+. +

_-°'.... _ 0,2

I!:°"_"I_::.::.., 0,1_- _ o10 MINAVER

ii)121i.!i..::". 0 '""_I I" ' ' _T_EORY

I

' 4 6 8 10 12

FREE-STREAMWINDSPEEuATHUBELEV,,Vo, M/s

_:,io"°I. (b)Systemefficiency

L_°.E Figure 4. -- Test series 2.1 power conversion performance, compared with
io_._ theoretical performance (Mod-OA wood blades _t Kahuku,

Hawaii).
i
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_ 300

_' _ 160 _" o. _o • -!50

000

;
.. c_. 120 " # e= -!00 ""

,.L _ ° ° 150 =

:" _ 80 " o_ I
: _ ............ - 100

,_" _ 40 " .;_/" o10 MINAVER . 50
-- THEORY

+. 0 ,,_
4 6 8 10 12 1/4 18

" FREE-SrREAMWINDSPEEDATHUBELEV,,Vo, M/S

" (a) Output power (air density = 1,05 kg/m 3)

0,6 "

0

" O

O,5 - • °R°e m
' t_ " % e ° ®

.: _ 0,4- t t _ e° "m ...V 'oOt.
.+. ...-.
: _ 0,2
'_+ _

o

..+ 0,1' o ° 10 MINAVER

j -- THEORY, . |0 I I I I

_ q 6 8 10 12 14 +

-_""'!. FREE-STREAMWINDSPEEDAT HUBELEV,,Vo,MIs 1

(b) System efficiency !

Figure 5, -- Test series 3,IR power conversion performance, compared i
i'

with theoretical performance (Mod-OA wood/flberglass _,
_--_." blades with semi-circular tips at Clayton, New Mexico).
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" ORIGINAL 2.<?-,__:,l
. oFPoo_9u+_Lrrf

,. 2,or _ 7°°

. z Iooo .J.. _'_1,6

/ _/ 1=°
_2" . O0_lb

.,,.. 0,8 300. i

-.": / ,_" -'"=_*1'o0
' DO

,. 0_ -_ i; i_ ' ' i02, 14 16 18

,,. FREE-STREAMWINDSPEEDATHUBELEV,,Vo,Mls
• ';&"

• °,

° (a) Output power (airdensity = 1.07 kg/m3)

o

.:: _ 0,6I

:""<: % ®o_o°
0,5 * o0_

_'L'! m @

•): 0,4 - ®•

.... . _ i °

U /,Ll

'- 0,3 -
:'r, _

7 _
ILl

m 0,2

"""..., 0,1 o • 10 MINAVER

. "--" THEORY

:."" 0 * J _ ......l I ,,, I ... i
';;: ' 6 8 10 12 lq 16

FREE-STREAIWINDSPEEDATHUBELEV,,Vo,Mls

(b) System efficiency

,• Figure6. -- Test series 4.1 power conversionperformancecompared
with theoretical performance (Mod-1 steel blades at

°',- Boone, North Carolina).
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• ,=. ,

"- TESTSERIES LOCATIONS

--o-- 1,1 CLAYTON,NM

: 15 x 104 -o- 1,2 CULEBRA,PR '

;?::, I¢

4 CHORDWISE,sMz

,;,:, ,..,'--' 2 - FLATWISE,sMy
,",: ..I

' 1 10 50 90 99 99,9

:'; PERCENTILE
•P "! .

_'',_, (a)Mod-OAalumlnu_blades(at5% span)

>'/:: --o-- 2,1 KAHUKU,HI

='::'-,, _ 150_x 104 -o- 2,2 BLOCKISLAND,RI

[ CHORDWISE.,Mz_..

•,, _ 3 ....0" "'LFLATWISEjSMy

i::c.!
.c.:_._ z / I I I III I
,, i i i0 50 90 99 99,9
/.. T

r PERCENTILE

::i' I (b)Mod-OAwood blades (at5%span).o, Figure7. - Probabilitydistributionsof blade cyclicbendingmoments,
.._;, with log-normal distributioncurve-fits.

"Z(:._.

''.... 466
_, : i_ ,"_

:)_c?
.... _ ............................ _:_ _,............. :........ ,,_ ........ ............... ._ .......... _ . .............. %/) ........ : . : .... .,_

:.......:o ,., .._ _o ,. .._ . _ _.o....o ... , , ..,..-...._.• ~.,--,.... ._o _-_,.._.. . - ...._. _,, ...._.._ ..,
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"i

::' TESTSERIES LOCATION t

:_ o 3,1 CLAYTON,NM ,

' 104

,. _ 6 / sMz' _ CHORDWISE,
./: _ m

¥

i i 3 -

" _-FLATWISE,sMy'JJ_

"' 2 m

-.%

:' 115 "
^.',

,:: z ;.- I I I I I
: I I0 50 90 99 99.9
" PERCENTILE
!

:2

(c)Mod-OAwood/flberglassblades(at7% span)

15 F" x 105 o 4,1 BOONE,NC

,z 10 /r CHORDWISE,sMz
8 ,'

4 _- FLATWISE,sMy_ 3

._ _ 2:i

,,, 1 I0 50 90 99 99,9
P,_RCENTILE

''t
t

'/ [

;_ (d) Hod-1 steel blades (at 10% span)
.1

} Figure7 (Concluded).- Probabilitydlstrlbutlonsof bladec_cllc
, bendingmoments,withlog-normalcurve-flts.

.;
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